L-Methionine-S-sulfoximine, Glutathione, Tobacco, Tissue Culture Tobacco cells grown photoheterotrophically with high ammonium and sulfate concentrations are able to cope with small amounts of methionine-sulfoximine. The observed methioninesulfoximine tolerance of tobacco suspensions is due to an extracellular glutathione and an intra cellular glutamine reservoir, both reservoirs are considerably reduced by treatment with methionine-sulfoximine concentrations that do not affect the growth of the cells. In tobacco suspension cultures grown with nitrate as sole nitrogen source that do not contain high amounts of glutathione and glutamine, growth inhibition by methionine-sulfoximine can be prevented by addition of these substances to the growth medium. These data indicate that synthesis of glutathione and glutamine are both inhibited by mentionine-sulfoximine; furthermore they show evidence that -in contrary to animal cells -the whole glutathione molecule is taken up by tobacco cells. Synthesis of glutathione from the consisting amino acids is inhibited by methionine-sulfoximine in crude cell homogenates to a similar extent than observed in tobacco suspensions in vivo; therefore, the activity, and not the amount of enzymes of glutathione syn thesis seems to be reduced by treatment with methionine-sulfoximine. As tobacco suspensions are able to recover from methionine-sulfoximine treatment with respect to accumulation of glutathione in the medium as well as with respect to growth, detoxication of methionine-sulf oximine has to be assumed.
Introduction
P hotoheterotrophically grow n suspension cultures o f Nicotiana tabacum produce high am ounts o f g lu ta thione and release it into th e ir culture m e d ia [1 , 2 ] . Surplus production o f g lu tath io n e is restricted to chloroplast-containing cells [2 ] and induced by high am m onium and sulfate concentrations [3] . W h en the sulfate supply in the m edium is exhausted, released glutathione is taken up again an d reutilized as sulfur source for protein synthesis [3] . T hese d ata in d ic ate a function o f glutathione as storage and tran sp o rt form o f cysteine. This function o f g lutathione h olds also true for the w hole plant, since investigations o f the long-distance transport o f su lfu r show ed th a t g lu ta thione is the m ain transport form o f reduced sulfur in tobacco plants [4] . D espite o f the observed m o b ility o f g lu ta th io n e in tobacco suspension cultures an d in tobacco plants, th e glutathione level inside tobacco cells rem ain s at a q u ite constant level [2, 5] . It has to be expected th at this constant intracellular glu tath io n e concentration is the result o f a regulation o f synthesis and efflux as Reprint requests to Dr. Heinz Rennenberg. 0341-0382/80/1100-0945 $01.00/0 well as u ptake and d egradation. In o rd er to get in form ations ab o u t such a regulation, w ork w ith m e ta bolic in hibitors is a com m on approach. F ro m an im al cells L -m ethionine-S-sulfoxim ine is know n to be a po ten t in h ib ito r o f glu tath io n e synthesis [6 ] . As no d a ta ab o u t the action o f this co m pound on synthesis o f g lu tath io n e in h ig h er plants have yet been p u b lished, the influence o f m eth ionine-sulfoxim ine on grow th and efflux o f g lu tath io n e in tobacco suspen sion cultures has b een investigated.
Materials and Methods
T h e tobacco suspensions used in th e presen t ex p erim en ts w ere o b tain ed from a callus cu ltu re iso lated by B ergm ann in 1959 [9] . Cells w ere su b cu l tu red in a m odified liq u id M +S m e d iu m [10] and grow n at 25 °C and 6 0 -7 0 % air h u m id ity u n d er co n tin u o u s illu m in atio n (3000 lx). In suspensions grow n w ith n itrate as sole nitrogen source N H 4N 0 3 was replaced by eq u im o lar am ounts o f C a ( N 0 3)2. E xperim ents w ere conducted w ith exponential phase tobacco cells, 9 -1 1 days old, in 100 ml erlenm eyerflasks containing 30 ml grow th m edium . M ethioninesulfoxim ine (Sigm a)-, glu tath io n e (B oehringer)-and glu tam in e (M erck)-solutions w ere adjusted a t p H 5.6 to 5.8, sterilized by filtratio n th ro u g h M illip o re filters (0 . 2 (im pore size), and added to the suspensions u nder sterile conditions. G lu tath io n e content o f the culture m edia, am ino acid content o f the cells, and dry w eight o f the sus pensions w ere m easured as described before [2 , 1 1 ]. Enzym atic synthesis o f g lu tathione from the consist ing am ino acids was carried out in vitro by a m od ified pro ced u re o f C arringer et al. [12] : T obacco cells ( 2 g fresh w eight) w ere suspended in 15 ml 0.1 m potassium p h o sp h a te buffer, pH 6 .8 , togeth er w ith 1 g Polyclar A T (Serva) and prehom ogenized in a potter-hom ogenizer. T he suspension was incu b ated in a cell d isru p tio n bom b (Parr, m odel 4635) for 5 m in at a N 2-pressure o f 2000 psi. By release to atm ospheric pressure cells and organelles w ere com pletely disrupted. T he hom ogenate was centrifuged for 20 m in at 40000x g , and 3 ml o f the supernatant w ere passed th ro u g h a Bio-gel P-2 (B io-R ad) col um n (12x0.9 cm 0 ) . Fractions o f 20 drops were col lected and th e com bined fractions 5 -8 w ere dilu ted 1:50 w ith 0.1 M potassium p h osphate buffer p H 6 .8 . A fter cooling dow n to room tem p eratu re, 0.2 ml Neth y l-m aleim id e (Sigm a) so lu tio n (10 m g /m l) were ad d ed for 1 h to alkylate S H -com pounds [13] , S epa ratio n o f lab eled substrate an d p ro d u ct was per fo rm ed by T L C using p reco ated cellulose plates (M acherey, N ag el & Co: CEL-300/0.5 m m ) and B u O H /A c A c /H zO (60/15/25; v /v /v ) as solvent sys tem . R ad io activ e areas w ere localized and q u a n ti tated by a T L C -S can n er (B erthold); co-chrom atog rap h ed reference com pounds w ere localized using an o -p h th alald e h y d e spray reag en t [2] . T he protein co n ten t o f th e sam ples was d eterm in ed by the B iuret-Phenol m eth o d described by Layne [14] . Influence of methionine-sulfoximine on duration of growth and efflux of glutathione in tobacco suspension cultures. A 1.7-2 mg d.w. exponential phase tobacco cells were inoculated into 30 ml portions of M+S media con taining 10~8 M methionine-sulfoximine. In controls methio nine-sulfoximine was omitted. Suspensions were grown photoheterotrophically for the times shown, filtered, and the dry weight yield of the cells as well as the glutathione content of the culture media were measured, x -x controls without methionine-sulfoximine; 0 -0 10~8 m methioninesulfoximine. B 1.7-2 mg d.w. exponential phase tobacco cells were inoculated into 30 ml portions of methioninesulfoximine free M +S media. After 10 days of photohet erotrophically growth methionine-sulfoximine was added to the suspensions. In controls bidestilled water was added instead of methionine-sulfoximine. Dry weight yield of the cells and the glutathione content of the growth media were measured at the culture times shown, x -x controls without addition of methionine-sulfoximine; 0 -0 addi tion of 10-8 M methionine-sulfoximine; addition of 5x10-7m methionine-sulfoximine; A -A addition of IO^m methionine-sulfoximine. culture m edium th a t contained 10-8 M m ethioninesulfoxim ine, is unaffected by this com pound during the first three days, in h ib ited during the follow ing five days, b u t continued w ith the rate o f controls w ithout m ethionine-sulfoxim ine after th e eighth day o f culture ( Fig. 2 A) .
Results
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hours; one day later, efflux o f g lutathione takes place again w ith the sam e rate as observed in controls w ithout m ethionine-sulfoxim ine (Fig. 2 A) . (Fig. 2 B) . A dd itio n o f higher am ounts o f m ethionine-sulfoxim ine re duced the grow th rate o f tobacco cells and caused the uptake o f all the glutathione accum ulated in the culture m edium ; un d er these conditions no fu rth er efflux o f g lu tathione or recovery o f the grow th rate was observed in the suspensions (Fig. 2 B) . These d ata indicate th a t tobacco cells in suspension cul tures are ab le to use ex tracellu lar glu tath io n e, when synthesis o f g lu tath io n e inside the cells is inhibited; fu rth erm o re they show evidence th at sm all am ounts o f m ethio n in e-su lfo x im in e can be d etoxicated by tobacco cells.
Influence o f methionine-sulfoximine on intracellular glutamine content
T obacco suspensions, ino cu lated in m ethioninesulfoxim ine containing m ed ia, need less tim e to recover from the m eth io n in e-su lfo x im in e treatm ent w ith respect to th e accu m u latio n o f g lutathione in th e m ed ia th a n w ith respect to grow th (Fig. 2 A) . m uch lesser extent than glutam ine (T able I). S im ilar to the g lutathione content o f the culture m edium (Fig. 2 B) , the glutam ine concentration inside the cells increased again, two days after a d d itio n o f m ethionine-sulfoxim ine. F ro m these results it is con cluded, th a t tobacco cells are able to cope w ith certain am ounts o f m ethionine-sulfoxim ine because o f an intracellular glutam ine and an extracellular glutathione reservoir, th at can be used d uring the tim e glutam ine and glutathione synthesis are in h ib ited by m ethionine-sulfoxim ine.
Prevention o f methionine-sulfoximine mediated growth inhibition by extracellular glutathione and glutamine supply
To confirm this assum ption, m ethionine-sulfoxim ine was added to tobacco cells grow n w ith nitrate as sole nitrogen source. In suspensions su p plied w ith this nitrogen source only sm all am ounts o f glutathione w ere released into the culture m ed iu m and the intracellular glutam ine concentration was m ain tain ed at a low level [3, 11] . D ry w eight yield o f tobacco cells treated w ith m ethionine-sulfoxim ine, four days after inoculation into a culture m edium w ith nitrate as sole nitrogen source, is not influenced by 10-9 M m ethionine-sulfoxim ine, b u t reduced by higher m ethionine-sulfoxim ine concentrations (Fig. 3) . G ro w th in h ib itio n caused by 10-7 m m eth io n in e-su lf oxim ine could be prevented by ad d itio n o f b oth 0.5 m M g lu tath io n e and 0.5 m M glutam ine; ad d itio n o f these am o u n ts o f glu tath io n e and g lutam ine was no t a p p ro p riate to prevent grow th in h ib itio n caused by 10-6 M m ethionine-sulfoxim ine com pletely (Fig. 3) . In cultures grow n w ith 10-7 M m ethionine-sulfoxim ine the w hole am o u n t o f glutam ine and g lu ta thio n e ad d ed to th e m ed iu m was tak en up by the cells. T hese d a ta show, th a t a sufficient supply w ith glutam ine and g lu tath io n e counteracts the m e th io nine-sulfoxim ine m ed iated decrease o f grow th by an u ptak e o f these substances from the culture m edium , indicating th a t th e action o f m ethionine-sulfoxim ine in vivo is d u e to an in h ib itio n o f the synthesis o f these tw o com pounds.
Influence o f methionine-sulfoximine on enzymes o f glutathione synthesis
In h ib itio n o f g lu tath io n e synthesis by m ethioninesulfoxim ine could be dem onstrated in vitro, too, using crude hom ogenates o f tobacco cells grow n pho to h etero tro p h ically w ith high am m o n iu m and DAYS OF CULTURE tions. In vivo, treatm ent w ith 5 x 1 0 -7 m m ethioninesulfoxim ine caused an uptake o f glutathione from the culture m edium accom panied w ith a consider able decrease o f the glutam ine content o f the cells. G row th o f tobacco suspensions is affected by m ethionine-sulfoxim ine to a m uch lesser extent. M e th io nine-sulfoxim ine m ed iated grow th in h ib itio n in sus pensions th at did not contain high am ounts o f extra cellular g lutathione and intracellular glu tam in e can be prevented by ad d itio n o f these substances to the grow th m edium . T hese observations can be ex plained by an in h ib itio n o f g lutathione and glu ta m ine synthesis or by an enhanced turn o v er o f these com pounds caused by m ethionine-sulfoxim ine. As, in vitro, enzymes o f g lu tath io n e synthesis are in h i bited by treatm ent w ith m ethionine-sulfoxim ine, the effect o f m ethionine-sulfoxim ine on extracellular glutathione in tobacco suspensions in vivo is p ro b a bly due to such an in h ib itio n , too.
T obacco suspensions w ith a sufficient g lu tath io n e and glutam ine supply are able to cope even w ith high am ounts o f m ethionine-sulfoxim ine (Fig. 3) . N o in h ib ition o f grow th w as observed u n d e r these conditions. T hese d ata ind icate, th a t g lu tath io n e and glutam ine reservoirs can be used by tobacco cells d uring th e tim e, synthesis o f these com pounds inside the cells is in h ib ited by m ethionine-sulfoxim ine. T he d em o n stration o f an u p ta k e o f glu tath io n e from the culture m edium in m ethionine-sulfoxim ine treated suspensions confirm s this conclusion. T he am o u n t o f g lutathione taken up by m ethionine-sulfoxim ine treated tobacco cells, grow n w ith n itra te as sole
